Summary. The testes of the common sheath-tail bat of tropical Australia 
Introduction
The teleology of scrotal evolution has been debated for many years and still remains one of the great unresolved mysteries of biology. Earlier theories on the functional significance of the mam¬ malian scrotum centred on spermatogenesis and its apparent need for the reduced temperatures supplied by the scrotum (see Cowles, 1965) . More recently, attention has turned to the epididymis, and Bedford (1977 and Bedford ( , 1978a suggested that the requirements of the cauda epididymidis may have been the driving force behind scrotal evolution and that spermatogenesis had subsequently adapted to the cooler temperatures now prevailing in the testes.
Many insights into the functional significance of the scrotum have been gained by the study of ascrotal mammals, and within this group there is a wide range of patterns depending on the degree of testicular descent and the distance by which the cauda epididymidis precedes the descending testis (Carrick & Setchell, 1977) . In the majority of mammals the testes and epididymides migrate to their final position soon after birth, but in some species there is a seasonal testicular migration with the testes and epididymides descending into the scrotum only for the duration of the breeding season. Such seasonal testicular migrations are seen in chiropterans (Krutzsch, 1955; Marshall & Corbet, 1959 ; Krutzsch & Crichton, 1987) , insectivores (Marshall, 1911) , rodents (Rasmussen, 1917; Moore et al., 1934) , carnivores (Koudele, 1986) and primates (Ramakrishna & Prasad, 1967) .
In all these animals the epididymis accompanies the testis on its annual descent, but Kitchener (1973) (Jolly & Blackshaw, 1987) . The cauda epididymidis of the sheath-tail bat is always located at the base of the penis, and so the position of each testis is accurately described by the distance between the anterior limit of the caput epididymidis and the caudal limit of the cauda epididymidis. This distance (the epididymal length) was measured to the nearest 0-5 mm for each epididymis and the mean calculated for each bat. Histological processing and quantitative histological analyses have been described by Jolly & Blackshaw (1987) .
To visualize the testicular blood supply, several bats were perfused via the left ventricle with India ink and latex (Dunlop, Sydney, Australia) after fixation. The distribution of smooth muscle and collagenous fibres in the testicular attachments were demonstrated with Milligan trichrome stain (Humason, 1972) .
Body temperature measurements. Body temperature was remotely monitored in one captive bat every hour for a period of 5 weeks. Measurements were made to the nearest 0-5°C by a radiotelemetric thermometer (Mini-mitter, Sunriver, OR, U.S.A.) glued to the back of the animal with a thermistor probe inserted subcutaneously between the scapulae. Temperature recordings from this site approximated rectal temperatures and the thermistor could be accommodated in this area with minimal discomfort to the animal. There is no interscapular brown fat in the sheath-tail bat and little subcutaneous white fat occurs between the scapulae.
The experimental animal had been maintained in captivity for 18 months before the start of the experiment and was allowed 2 weeks to adapt to the presence of the thermometer before recording began. For the duration of the experiments the bat was kept in a controlled environment room on a 12 h light: 12 h dark photoperiod. It was maintained on a diet of minced baby mice throughout its captive life. Body weight was recorded daily.
In Exp. 1 the bat was kept at an ambient temperature of 25 + 1°C and, to enable measurements to be made over a range of body weights, food was supplied ad libitum for 1 week and then restricted to 2 g daily for the remainder of the experiment. In Exp. 2 the bat was maintained between 24 and 26 g in weight and subjected to an ambient temperature of 30 ± 1°C for 1 week and 20 ± 1°C for a 2nd week.
Statistical analysis. Correlation coefficients were calculated to indicate the degree of association between environmental factors, testicular position and the abundance of spermatogonia, spermatocytes, round spermatids and spermatozoa in each bat.
The change in epididymal length and the abundance of germ cell types roughly followed sinusoidal curves with a period of 1 year. These curves were transformed to straight-line models by transforming the day of the year (t) with the equation sin[2.Jt.(t + c)/365], where c is a period of days dependent on the starting point of the sinusoidal curve. The least squares method was used to determine the line of best fit for each parameter, with a value of c being chosen to minimize the error term. These models provided estimates of the times of the year testes were at their lowest point of descent and each germ cell type was most abundant. The correlation coefficients of these models provided indications of the strength of the annual periodicity in the data and were useful as bench-marks for the assessment of models based on environmental factors.
Environmental data. Temperature and rainfall data for the town of Springsure were provided by the Australian Bureau of Meteorology. Temperatures used in the regression analyses were the mean values of the maxima, minima and means in the 7 days preceding the collection of each bat. Rates of change of temperature were taken as half the difference between mean values 7-14 days before collection and mean values 7-14 days after collection.
Rainfalls used in the regression analyses were the amounts that had fallen in the 30 days preceding the collection of each bat. Daylength was taken as the time between sunrise and sunset at 24°S on the date of collection, these data being provided by the Sydney Observatory. Rates of change of daylength were taken as half the difference between the length of day 7 days before collection and the length of day 7 days after collection.
Results

Anatomy
The principal anatomical features are illustrated in Fig. 1 caudally (Fig. 2) would appear to be analogous to the gubernaculum and attaches the testis to the cauda epididymidis. Connective tissue invests the epididymis and firmly attaches the cauda epididymidis to the scrotal pouch and the caput epididymidis to the testis.
There is no pampiniform plexus and the testicular arteries are not coiled. These arteries are relatively straight when the testes are fully descended but follow a sinuous path when the testes are high in the abdomen.
Testicular position
The seasonal change in the position of the testes (as described by the epididymal length) is shown in Fig. 3 . The sine curve model indicates that the testes were at their lowest point of descent in the first week of January each year (95% confidence interval + 12 days).
Environmental data
The monthly rainfall and the mean monthly maximum and minimum temperatures recorded at Springsure during the study period are shown in Fig. 4 There was a strong relationship between some histological characteristics and a number of environmental factors, and the strength of correlation between spermatogonial numbers and maximum temperature equalled that obtained with the best-fitting sinusoidal curve (Table 2) .
Body temperature
The body temperature of the bat studied ranged from 25 to 38°C and depended on body weight (Fig. 5 ) and ambient temperature (Fig. 6) . The diurnal changes in body temperature reflected the Body weight range (g) 
Body weight
The body weight of bats captured in the wild showed a marked seasonal variation (Fig. 7) . Peak body weights were recorded in autumn of each year and declined sharply over winter. 
Discussion
The sheath-tail bat stores spermatozoa in the cauda epididymidis over winter until mating in spring (Jolly & Blackshaw, 1987) . As lower epididymal temperatures facilitate the storage of spermatozoa (Bedford, 1978b; Foldesy & Bedford, 1982; Rasweiler & Bedford, 1982; Wong et ai, 1982; Djakiew & Cardullo, 1986) it is clearly advantageous for the sheath-tail bat to maintain this organ as cool as possible.
As the present study demonstrates, considerable reductions in body temperature might be expected over winter when environmental temperatures are reduced and the body weight of bats decline. A small amount of extra cooling of the epididymis may also result from the permanent maintenance of the cauda epididymidis in the scrotal pouch. In the musk shrew (Hasler & Nalbandov, 1974) and the degù (Bedford et ai, 1982 ) the testes reside in shallow coelomic evaginations and, despite the lack of vascular countercurrent heat-exchanging mechanisms, the testes are approximately 1-6°C below the temperature of the deep abdominal cavity. Bernard (1985) reported that in the sperm storing Cape horseshoe bat each cauda epididymidis (but not the testes) migrated several millimetres caudally during the winter hibernation. Although body temperatures must be minimal at this time it would appear that even small reductions in cauda epididymal temperature are of some advantage.
If sperm storage is optimized by the permanent maintenance of the cauda epididymidis in the scrotal pouches, then why does the sheath-tail bat retain the seasonal migration of the testes? This migration may be an evolutionary remnant with no functional significance or, more likely, it pro¬ vides a temperature-regulating mechanism for the testes. Enzyme systems within the testes have narrow temperature ranges in which they work most efficiently (Davis et ai, 1963; Hall, 1965; Buyer & Davis, 1966; LeVier & Spaziane, 1968) and the regulation of testicular temperature by the dartos and cremaster muscles in scrotal mammals is well known.
It is likely that the large body temperature fluctuations observed in this study would prevent the precise regulation of intratesticular temperature in the sheath-tail bat, but ¿here was a significant correlation between maximum environmental temperature and testicular position and testicular migration probably serves to ameliorate the seasonal temperature fluctuations to which the testes are exposed. Fowler & Racey (1987) reported that the testicular temperature of the ascrotal European hedgehog is also regulated within a narrower range than body temperature although they did not speculate on how this was achieved.
The relatively high correlation between maximum temperature and spermatogonial numbers suggests that temperature may be a proximate influence on reproduction in the sheath-tail bat. Beasley & Zucker (1984) reported that temperature was a more important influence than photo¬ period on the reproductive cycle of pallid bats at certain times of the year, and Racey (1978) reported that the reproductive cycle of pipistrelle bats was unaffected by photoperiod. Captive sheath-tail bats have also failed to show reproductive responses to experimental photoperiod regimens (S. E. Jolly & A. W. Blackshaw, unpublished). The shallow caves used by the sheath-tail bat offer protection from extreme diurnal temperature fluctuations while still being subject to seasonal temperature variations. It would seem likely that the temperature within these caves offers a reliable Zeitgeber for the control of reproductive cycles.
If temperature does influence the reproductive cycle of the sheath-tail bat, this would explain why the species was reported to be continuously spermatogenic in a study including specimens from the northern tropics of Western Australia (Kitchener, 1973) , while Jolly & Blackshaw (1987) found that spermatogenesis ceased during winter at 24°S.
